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Abstract

Since the Fukushima Daiichi nuclear power plant accident, concerns have arisen about the radiation
safety of food raised at home and abroad. Therefore, many measures have been taken to address this.
To evaluate the effectiveness of these measures, dose estimation due to food consumption has been
attempted by various methods. In this paper, we show the results of dose estimation based on the
monitoring data of radioactive materials in food published by the Ministry of Health, Labour and
Welfare. The Radioactive Material Response Working Group in the Food Sanitation Subcommittee of the
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Pharmaceutical Affairs and Food Sanitation Council reported such dose estimation results on October
31, 2011 using monitoring data from immediately after the accident through September, 2011. Our
results presented in this paper were the effective dose and thyroid equivalent dose integrated up to

December 2012 from immediately after the accident.

The estimated results of committed effective dose by age group derived from the radioiodine and
radiocesium in food after the Fukushima Daiichi nuclear power plant accident showed the highest
median value (0.19 mSv) in children 13-18 years of age. The highest 95% tile value, 0.33 mSv, was shown

in the 1-6 years age range.

These dose estimations from food can be useful for evaluation of radiation risk for individuals or
populations and for radiation protection measures. It would also be helpful for the study of risk

management of food in the future.

keywords: radiocesium, radioiodine, standard limits, committed effective dose, dose estimation
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Abstract

Aim: The degree of contamination with radioactive cesium (**Cs and Cs) in the human placenta after the
accident at Fukushima nuclear power plant (FENP), which occurred on 11 March 2011, has not been assessed.

Material and Methods: *Cs and Cs contents were determined in 10 placentas from 10 women who gave
birth to term singleton infants during the period between October 2011 and August 2012 using high-purity
germanium detectors for gamma ray spectrometry. Five women resided within 50 km of FNP (neighbor
group) and gave birth by the end of February 2012, while the other five women resided within 210-290 km of
FNP (distant group) and gave birth in July and August 2012.

Results: All except one of the 10 placentas contained detectable levels of *Cs and Cs, ranging 0.042-
0.742 Bq/kg for *Cs and 0.078-0.922 Bq/kg for Cs. One placenta from a woman living in Tokyo contained
0.109 Bq/kg ¥Cs and no detectable level of *Cs (<0.054 Bq/kg). 'Cs content was more than 0.2 Bq/kg in four
and one placentas in the neighbor and distant groups, respectively.

Conclusion: Degree of contamination of the placenta with radioactive Cs was lower even in women who
resided within 50 km of FNP compared to Japanese and Canadian placentas in the mid-1960s after repeated
nuclear tests and in northern Italian placentas from 1986-1987 after the Chernobyl power plant accident.

Key words: cesium, human placenta, nuclear power plant accident.

J. Obstet. Gynaecol. Res. Vol. 39, No. 9: 1406-1410, September 2013

Introduction

After the accident at Fukushima nuclear power plant
(FNP), triggered by the Great East Japan Earthquake on
11 March 2011, radioactive fallout was deposited over a
wide area of Japan.'? Although the short-lived radio-
nuclides, such as I (half-life, 8 days), decayed within
a few days to months eventually reaching negligible

concentrations, long-lived radioactive cesium (physical
half-life, 2 years for **Cs and 30 years for "Cs)
remained in detectable concentrations in the environ-
ment. These radionuclides reach pregnant women
mainly through direct consumption of contaminated
vegetables, crops, as well as animal and fish products.
Contamination of breast milk with ™I was indeed
documented in lactating women residing near FNP in
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April 2011.' The occurrence of milk powder contami-
nation with ™Cs and ™Cs (22-31Bq/kg) was
announced by Meiji Holdings on 6 December 2011
(cited on 6 August 2012; available from http://
www.meiji.co.jp/notice/2011/detail /20111206 .html).
This contamination was concluded to be derived from
atmospheric air during the process of drying of milk
powder, and not from water or dairy ingredients. Thus,
environmental pollution with radiocactive materials
occurred and reached pregnant women after the NP
accident.

The placentas of women living in Hiroshima, Osaka,
Tokyo and Canada in the 1960s contained detectable
levels of *"Cs** due to environmental pollution with
¥Cs after the repeated nuclear tests conducted by
several countries, such as the USA and the former
USSR. As the estimate of 'Cs deposition at the Meteo-
rological Research Institute, Tsukuba, after the FNP
accident far exceeded that in the 1960s in Japan (Fig. 1),°
the placentas of women living near FNP may contain
higher levels of ®*Cs and '¥Cs than those in the 1960s
in Japan. However, the degree of placental contamina-
tion with radioactive Cs has not been studied. There-
fore, the present study was performed to investigate
the Cs and ¥Cs contents in the placentas of women
living within 300 km of FNP.

Radioactive cesium content in human placenta

Materials and Methods

This study was conducted with the approval of the
institutional review boards of Kameda General Hospi-
tal and Japan National Institute of Public Health.

Women who provided placentas

Placentas were obtained from 10 women: five (cases
1-5) living within 50 km (neighbor group) and five
(cases 6-10) living within 210-290 km (distant group)
of FNP until delivery after the FNP accident (Table 1).
All 10 women gave birth to a healthy term singleton
infant during the period between October 2011 and
August 2012. The five women in the neighbor group
gave birth earlier by the end of February 2012, while
the five women in the distant group gave birth later in
or after July 2012.

Measurement of radionuclides

Each whole placenta with a wet weight varying 0.418—
0.672 kg was ashed to 4.13-7.40 g (Table 1) by muffle
furnace at 450°C for 24 h after lyophilizing according to
the preparation method recommended in the USA
(http:/ /www.epa.gov/rpdweb00/docs/marlap /402-

b-04-001b-12-final.pdf). These ashed samples were
placed individually into cylindrical plastic containers

T 1 T 1 7
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Figure 1 Estimates of Cs deposition at the Meteorological Research Institute, Tsukuba, are presented for several months
after the accident in March 2011. The estimate was computed based on the value obtained by measuring aliquots of the
sample water (wet + dry depositions). As cesium is distributed between the liquid and the solid phases, the accurate value
is not obtained unless the concentration of the whole sample by evaporation is achieved. Probably, current values are
underestimates. Moreover, as '*Cs was deposited in comparable amounts, the total radioactive cesium had mostly

doubled. =@, ¥ Cs; mtmee, *Sr. (Adopted from °).
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Table 1 Radioactivity of **Cs, "7Cs and *“K in the placentas of 10 women

Case  Cityt (distance/direction =~ Month/year} Placental weight Radioactivity (Bq/kg) ¥Cs to K ratio
from FNP) Wet (kg)  Ashed (g) ™Cs ¥Cs MK (Bq/mmol)
1 Minami-soma (25 km, N)  Oct. 2011 0.520 6.45 0742 0922 465 0.024
2 Iwaki (45 km, S) Nov. 2011 0.549 6.88 0549  0.648 593 0.013
3 Twaki (45 km, S) Dec. 2011 0.532 6.23 0.090 0207 469 0.005
4 Iwaki (45 km, S) Dec. 2011 0.651 6.44 0268 0302 519 0.007
5 Iwaki (45 km, S) Feb. 2012 0.590 7.40 0373 0563  50.5 0.014
6 Mobara (230 km, S) Jul. 2012 0.418 4.13 0.462 0.694 476 0.018
7 Kamogawa (270 km, S) Jul. 2012 0.627 5.92 0.064  0.121 49.5 0.003
8 Tokyo (230 km, SW) Aug. 2012 0.543 5.53 <0.054 0.109 498  <0.003
9 Yotsukaido (210 km, S) Aug. 2012 0.672 6.49 0.042 0078 509 0.002
10 Tateyama (290 km, S) Aug. 2012 0.436 4.35 0.061  0.093 521 0.002

tCities where women were living. {Month and year when women gave birth. The distance and direction from the Fukushima nuclear power

plant is indicated in parentheses. N, north; S, south; SW, southwest.

(100-mL capacity). To determine the gamma-emitting
nuclides in the samples, gamma ray spectrometry was
performed for more than 80 000 s with high-purity ger-
manium detectors (GEM40-76; Ortec, Oak Ridge, TN,
USA) connected to a multichannel analyzer and ana-
lytical software, and the activity concentrations of the
radionuclides were corrected to the delivery dates.
Each measured radioactivity was multiplied by 2¥7: N
and T were intervals until the measurement after deliv-
ery of the placenta (year) and half-life of each radionu-
clide (year), respectively. The energy and efficiency
calibrations were performed using the nine nuclides
mixed activity standard volume sources (MX033US;
Japan Radioisotope Association, Tokyo, Japan) com-
posed of 'Cd, ¥Co, ™ Ce, %'Cr, ®Sr, "¥Cs, *Mn, *Y and
#Co. These sources, contained in the same containers as
the samples, had five different heights (0.5, 1, 2, 3 and
5cm, respectively) to determine the detection effi-
ciency of the detector as a function of sample height.

Results

As expected, *Cs and ""Cs were detected in nine and
10 of the 10 placentas with varying activities ranging
0.042-0.742 Bq/kg for *'Cs and 0.078-0.922 Bq/kg for
¥Cs, respectively (Table 1), while relatively constant
levels of ¥K were detected, ranging 46.5-59.3 Bq/kg,
regardless of the differences in cities where they were
living after the FNP accident. If we assumed that *Cs
content was 0.050 Bq/kg for case8, median "'Cs
content, 0.373 Bq/kg (range, 0.090-0.742) in the five
placentas of the neighbor group was relatively higher
than that of 0.061Bq/kg (range, 0.042-0.462) in the five
placentas of the distant group, but difference did not
reach a significant level (P =0.05556, Mann-Whitney

1408

U-test). Median ®’Cs content was 0.563 Bq/ kg (range,
0.207-0.922) for the neighbor group and 0.109 Bq/kg
(range, 0.078-0.694) for the distant group (P = 0.09524).

Discussion

The present study demonstrated that placentas of
women living within 290 km of FENP contained detect-
able levels of **Cs and Cs. The difference in degree of
contamination of placentas with radioactive Cs may
have reflected dietary habits, the degree of environ-
mental pollution and the interval until delivery after
the FNP accident. The shortened biological half-life of
radioactive Cs from approximately 100 days for non-
pregnant adults to approximately 60 days in pregnant
women’ may have also contributed to the lesser con-
tamination of the placenta in women who gave birth in
and after July 2012. Although environmental pollution
with radioactive Cs has been decreasing, daily Cs
activities of fallout exceeded 10 MBq/km? in 15 days in
March 2012 in Fukushima City (Preliminary results of
monitoring the environmental radioactivity level of
fallout [File number 93], cited on 10 August 2012; avail-
able from http://radioactivity.mext.go.jp/old/ja/
1285/2012/03/1285_033018.pdf). Surface soils
contained more than 1000 Bq/kg of radioactive Cs in
wide areas of Fukushima Prefecture where the five
women of the neighbor group were living (cited on 10
August 2012; available from http://www.s.affrc.go.jp/
docs/map/pdf/02_2_04bunpu_fukushima.pdf).

As shown in Figure 1, environmental pollution with
radionuclides occurred after the repeated nuclear tests
in the mid-20th century and after the Chernobyl acci-
dent in 1986. According to a study that examined *"Cs
content in the placenta and urine of inpatients at

© 2013 The Authors
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Hiroshima University Hospital and in daily foods
served for these inpatients over a 5-year period from
1966~1970,° ¥'Cs content in the placentas was approxi-
mately 35 pCi (1.3 Bq)/kg, "Cs daily dietary intake
was approximately 30 pCi (1.1Bq) and *Cs daily
excretion in the urine was approximately 25pCi
(0.9 Bq) in 1966. Japanese and Canadian groups inves-
tigated "Cs content in the human placentas collected
in the Tokyo and Osaka areas in Japan and in the Mon-
treal area in Canada in the mid-1960s.** The average
content of "’Cs was similar in Japanese and Canadian
placentas, regardless of the differences in dietary
habits (averages of 25.2 pCi [0.93 Bq]/kg and 24.8 pCi
[0.92Bq]/kg for Japanese and Canadian placentas,
respectively).* Thus, placentas of Japanese and Cana-
dian women in the mid-1960s contained an average of
0.9-13Bq/kg '"Cs. Placentas contained less than
0.8 Bq/kg ™Cs and less than 1.0 Bq/kg Cs in this
study. Although there may be a problem of direct data
comparison between studies in which different assay
methods were used, these results suggested that pla-
centas of Japanese and Canadian women in the mid-
1960s were more heavily contaminated with *’Cs than
the placentas examined in this study.

The Chernobyl accident occurred on 26 April 1986.
According to the Japanese Ministry of Education,
Culture, Sports, Science and Technology (released on
13 March 2012; cited on 6 August 2012; available from
http:/ /radioactivity.mext.go.jp/ja/list/338/list-
1.html), total amounts of dispersed ®'I and Cs into
the environment after the FNP accident were 1.3-
1.6 x 10" Bq and 1.1-1.5 x 10' Bq, respectively, while
corresponding values after the Chernobyl accident
were 1.8 x 10 Bq and 8.5 x 10" Bq, respectively. Thus,
the degree of environmental pollution is estimated to
be 11-14-fold higher for I and 6-8-fold higher for
YCs after the Chernobyl accident than after the FNP
accident. An Italian group examined Cs and "Cs
contents in the placentas of women who gave birth at
the University of Bologna over a 13-month period from
June 1986 to September 1987 after the Chernobyl acci-
dent® Mean placental Cs content increased from
4.2 Bq/kg in June 1986, showing a peak of 11.5 Bq/kg
in March 1987, and then decreased to 6.6 Bg/kg in
September 1987.° The Italian group also estimated
dietary '7Cs intake on the basis of the average diet in
the region where study subjects lived;® daily Cs
intake was estimated to be 15Bq in the summer of
1986,° which is approximately 14-fold higher than that
of 1.1 Bq in the Hiroshima area, Japan, in 1966.> An
investigation conducted 4 months after the FNP acci-

© 2013 The Authors
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dent in early July 2011 revealed that median values of
daily dietary intake of "Cs and "Cs were 0.6 Bq and
09Bq in Soma (neighboring city to the north of
Minami-soma), and 0.4 Bq and 0.7 Bq in Iwaki, respec-
tively.” Thus, ’Cs content per kg of the placenta well
reflected daily *"Cs intake and appeared to be 50-120%
of the daily ’Cs intake. Another Italian group reported
daily urinary excretion of 13.5 Bq '¥Cs in people living
in the Pordenone area of Italy in the latter half of 1987,
which is more than 10-fold higher than that of 0.9 Bq in
women living in the Hiroshima area in 1966." Thus,
levels of exposure to radiocactive Cs in Japanese preg-
nant women in the mid-1960s and after the FNP acci-
dent were much lower than those in women living in
certain areas of Europe after the Chernobyl accident. In
another report from Germany," the radioactive Cs load
in the placenta was shown to have increased by 10-fold
compared with studies before the Chernobyl accident
in western Germany.

The ratio of radicactive Cs to total K (stable and
radioactive) is conventionally taken as a measure of
radioactive Cs contamination, independent of body
size and sex.”? Soft tissue ®"Cs content corrected for
potassium did not differ between mother and fetus,”
suggesting that the placenta is not a barrier for radio-
active Cs. Mean activities of placental “K were
reported to be 770 pCi per placenta (57 Bq/kg) and
45 Bq/kg in Japanese® and Italian® studies, respectively,
consistent with the values ranging 46.5-59.3 Bq/kg in
this study. The heaviest contaminated placenta con-
tained 0.922 Bq/kg Cs and 46.5 Bq/kg “K. This *K
activity was. equivalent to a placental K level of
38.4 mmol/kg. Thus, this placenta exhibited a Cs to
K ratio of 0.024 Bq/mmol. According to a study in
Glasgow by Watson,"” whole-body ¥Cs to total body K
was 0.109 Bq/mmol after the Chernobyl accident; this
figure is several-fold higher than that of 0.037 Bq/
mmol determined in mainland Scotland in 1978-
1979, and that of 0.024 Bq/mmol in the placenta of
case 1 in this study. The mean whole-body activity of
naturally occurring *K was 2859 Bq for females (52 Bq/
kg, if we assume that bodyweight was 55 kg),"” falling
between two figures (45 Bq/kg® and 57 Bq/kg?) of pla-
cental “K activity. Thus, placental “K activity concen-
tration appeared to be similar to whole-body *K
activity concentration.

A study of the whole-body radioactive Cs* showed
another aspect of exposure to ®Cs and Cs in
Minami-soma residents after the FNP accident
Although only one Minami-soma resident was
included in our study population, this woman showed
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less placental contamination than those reported in the
published work.™* However, relatively heavy expo-
sure to radioactive Cs occurred in residents in Minami-
soma. According to a study that examined whole-body
radioactive Cs (**Cs and ™ Cs) in 9498 residents in
Minami-soma during the period between 26 Septem-
ber 2011 and 31 March 2012, radioactive Cs (=210 Bq
for *'Cs and =250 Bq for “"Cs) was detected in 38%
(3051/8066) of adults and 16% (235/1432) of children
(6-15 years old), ranging 210-12771 Bq (median,
744 Bq), with a concentration of 2.3-196.5Bq/kg
(median, 11.4) for adults and 210-2953 Bq (median,
590), with a concentration of 2.8-57.9 Bq/kg (median,
11.9) for children. Based on these data, we speculated
that the pregnant Minami-soma woman in this study
may have managed to avoid contaminated food mate-
rials. Available data on whole-body ™Cs and ¥Cs
activities are as follows: whole-body '*Cs and 'Cs
activities were 172 Bq and 363 Bq, respectively, in non-
pregnant adults living in the Glasgow area in June and
July 1986 after the Chernobyl accident;” and that for
YCs activity was estimated to be 3 nCi (111 Bq) in 1966,
with a gradual decline to less than 1 nCi (37 Bq) in 1969
in pregnant Japanese women living in the Hiroshima
area.’

In conclusion, placentas from women living within
290 km of FNP contained detectable levels of "*Cs and
¥Cs. However, the degree of contamination was lower
than those in Japanese and Canadian women in the
mid-1960s and in northern Italian women in 1986-1987
after the Chernobyl accident. It has not been elucidated
how placental contamination with radioactive Cs
occurring in the past affected fetuses adversely. Such
adverse effects, if present, may be disclosed in
follow-up studies that are being conducted in Fuku-
shima Prefecture in future.
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Abstract

The distribution of usual intake of nutrients in a given population is one of the major concerns in public health
nutrition, and is used to assess and prevent nutritional problems. The distribution of usual intake cannot be measured
directly, but can be estimated from a dietary survey that spans multiple days. The prevalence of nutritionally high-risk
people, defined as the proportion of a population that does not achieve the dietary reference intake, can be estimated
from the distribution of usual intake in the population. Although several methods have been proposed, there is
no universally accepted method for estimating the distribution and prevalence of nutritionally high-risk people. In
this study, we improved an existing method and used simulation studies to compare the performance of the new
method, with that of 2 previously proposed methods. Our proposed method outperformed them, particularly in a
realistic situation, and with a small sample size, providing a more accurate and precise estimate of the prevalence

of nutritionally high-risk people.

Keywords: Dietary survey; Dietary reference intakes; Usual intake;
Dietary assessment; Nutrients; Nutritional epidemiology; Statistical
method; Sodium intake; Prevalence of nutritionally high-risk people;
ISU (Iowa State University) method

Abbreviations: DRI: Dietary Reference Intake; EAR: Estimated
Average Requirement; DG: Dietary Goal; ISU: Towa State University;
RMSE: Root Mean Square Error

Introduction

The nutritional status of a population is often evaluated by
determining the proportion whose usual intake of nutrients falls short
of, or exceeds reference values. For instance, dietary reference intakes
(DRIs) are reference values for the amount of each nutrient required
to maintain good health [1,2]. These reference values have been
established not only to prevent nutrient deficiency, but also to prevent
lifestyle-related diseases attributable to inappropriate nutrient intake
[3]. The estimated average requirement (EAR), one of the DRI, is the
estimated amount needed to satisfy the nutritional requirements of
half the people in a certain group, and is defined through review of
the scientific literature [4,5]. The tentative dietary goal for preventing
lifestyle-related diseases (DG), a DRI unique to Japan, has been
established to reduce the risks for selected lifestyle-related diseases
such as cardiovascular disease and hypertension [1]. EAR shave been
utilized in dietary assessments of protein, iron, vitamin B1 and other
nutrients [1,2]. DGs have been utilized in dietary assessment of sodium
(salt), dietary fiber, saturated fatty acid, potassium and other nutrients
[1]. Nutritionally high-risk individuals are those who do not achieve
the DRIs: the proportion of such individuals in the population provides
a measure of nutritionally high-risk prevalence.

To assess the diet of a population, a dietary survey is conducted,
and the distribution of daily intake of a nutrient is measured. Usual
intake is defined as the long-run average of daily intakes of a dietary
component by an individual. From the viewpoint of public health
nutrition, information on the usual intake distribution of a population
is necessary, but this is estimated because the distribution of usual
intake is not measured [6]. Biases exist in the measured daily intake
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distributions obtained from single-day dietary surveys due to within-
subject (day-to-day) variation; therefore, multiple-day dietary surveys
are required to estimate the usual intake distribution [7,8]. Several
methods have been proposed to estimate the usual intake distribution
of a given population. The National Research Council proposed the first
statistical method to address this issue [9]. Nusser et al. [10] proposed a
semi-parametric model, and developed software that is commonly used
to accomplish this estimation [10,11]; their model is known as the Iowa
State University (ISU) method.

Although both methods are available to dietitians, one problem still
remains. It is often the case that the usual intake distribution needs to
be estimated for subgroups such as sex and age groups [12-15]. The 2
existing methodologies are not suitable for such analysis, because of
the small sample size of each subgroup. Waijers et al. [16,17] proposed
another parametric model based on a mixed-effect model, AGE
MODE, to resolve this issue. The AGE MODE model assumes that the
mean structure of usual intake varies depending on the subject’s age.
AGE MODE is useful when the usual intake of a nutrient is justifiably
assumed to vary with age. However, AGE MODE assumes a constant
between-subject variance and a constant within-subject variance of
nutritional intakes for different ages: this is problematic, because this
assumption is not always correct. Data from the annual report of the
National Health and Nutrition Survey in Japan [12,18] have indicated
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that the variance of nutritional intake does not remain static, but varies
according to age.

We developed a statistical model, AGEVAR MODE, to enable
nutritional intake modeling that fits better with actual data. Our current
aim was to examine and compare the performance of the ISU method,
AGE MODE and AGEVAR MODE through simulation studies.
Thereafter, we analyzed actual dietary survey data using the 3 methods,
and estimated the prevalence of nutritionally high-risk people.

Materials and Methods
AGEVAR MODE, the proposed method

For a nutrient, some form of distribution is expected for the usual
intakes between subjects and the daily intake data. In the proposed
AGEVAR MODE model, age explains a subject’s usual intake between-
subject variance (inter-individual variance), and within-subject
variance (intra-individual or day-to-day variance). AGEVAR MODE
modeling is performed in 3 steps. In Stepl, the multiple-day intake
data are transformed by Box-Cox transformation to an almost normal
distribution [19]. In Step 2, the individual mean structure of usual intake
is estimated as an optimal fraction polynomial of age in the transformed
data. This procedure of estimating the mean structure of usual intake
distribution is the same as that of AGE MODE. In AGEVAR MODE,
monotonic exponential functions of age are simultaneously fitted to
between-subject variance and within-subject variance separately. These
procedures lead to an estimated usual intake normal distribution with
between-subject variance for each age. The usual intakes of subjects at
each age are supposed to be distributed in this usual intake distribution
in the transformed scale. The daily intakes of each subject are expected
to be normally distributed with the subject’s mean usual intake, and
the within-subject variance of each age in the transformed scale. In
Step 3, the estimated mean and between-subject variances of usual
intake distribution are compared with the bias-corrected DRI in the
transformed scale at each age, and the prevalence of nutritionally high-
risk people at each age is estimated. The average prevalence, weighted
by the number of subjects at each age, is the prevalence of nutritionally
high-risk people in a given group. In Step 4, the estimated usual intake
distribution in the nutrient’s original scale is obtained by the inverse
function of Box-Cox transformation, correcting the bias caused by
within-subject variance [20].

Step 1: Box-cox transformation: With the optimal X of generally
right-skewed intake data, Box-Cox transformation, g(.), produces
almost normally distributed, symmetrical data [19]. Let y, be the
measured single-day intake data of subject i on day j. Box-Cox
transformation of the right-skewed histogram of y, is

A1

Vi 1
g(yij) = T @
Note that for A=0, g (y,]) = In(y,,-) @

To seek the optimal A, we use grid searching for the profilelikelihood.
Any optimization method could be used for this optimization in
AGEVAR MODE.

Step 2: Fitting a fractional polynomial to the transformed data:
The fractional polynomial for the mean structure at each age is

glyy)=a+ b(Age) +c(Age)? + ¢, + 8; (p*q) 3)
Or )
g(yy) =a+b(dge)” +c(Age) In(Age) + & +8; (p#q) (4)
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Where the between-subject variations is normally distributed
with variance 0'5 and the within-subject variation,d; is normally
distributed, with variance va in the transformed scale: &, ~ N(0,67)

8; ~ N(0,0%)

Age, is the age of subject i, and g(y,) is the Box-Cox transformed
intake. p and q can take the value of {-2, -1, -0.5, 0, 0.5,1,2].

AGEVAR MODE regresses the between-subject variance o; and
within-subject variance o on age, simultaneously:

o2 =exp(Byy + By ¥Age;) (5)
va = exp(BUW +ﬁ1w : Agei) (6)

The model of (Equation 3) or (Equation 4) is selected, and the
parameters a, b, ¢, p, , Byy Bos Bos Biss Bow» and By, are determined,
so that they maximize the likelihood of the model (optimization).
The estimated parameters determine the distribution of usual intake,
g(y), at each age in the transformed scale. The estimated usual intake
distribution in the transformed scale at each age is

2T age) = d+b-(Age)’ +é-(Age) +e @)
where o
& yge ~ N(O,exp(Boy, + Bip)-(Age))
or

§Vag) =a+b-(Agey? +¢-(Age)! In(Age)+dyy, (8

where
€400~ V(O exp(Boy + By - (Age)) -The optimal distribution of the two for
the likelihood is selected.

Step 3: Estimating the prevalence of nutritionally high-risk
people: To estimate the prevalence of nutritionally high-risk people
in any group, a straightforward approach would be to compare the
back-transformed distribution g'l(g(;;;)) (9), with the DRI value in
the nutrient’s original scale. However, we have provided an alternative
means of using the feature of normal distribution function in the
transformed scale, since the estimated usual intake distribution in
the nutrient’s original scale is right-skewed, and the straightforward
method would require numerous calculations of a Monte Carlo
algorithm [16]. In general, when a daily intake normal distribution of
a given subject with the subject’s mean and a within-subject variance
in the transformed scale is back-transformed by a non-linear function,
the value of the back-transformed subject’s mean is biased from the
arithmetic mean of the back-transformed distribution [20]. For this
reason, Box-Cox transformation or back-transformation, which are
non-linear functions, requires bias correction; bias is caused by within-
subject variance in each subject at each age. Using the Newton-Raphson
method [21,22], we numerically solve the bias-corrected DRI value in
the transformed scale at each age, which corresponds to the DRI value
in the nutrient’s original scale, when back-transformed with Equation
9. The previous AGE MODE method solves this requirement for bias
correction, by generating a right-skewed Monte Carlo distribution of
each subject in the nutrient’s original scale [16]. Comparing the normal
cumulative distribution function with the bias-corrected DRI in the
transformed scale, we calculate the prevalence of nutritionally high-risk
people at each age. The prevalence of nutritionally high-risk people in
any group is then estimated as the weighted average of the age-specific
prevalence, where the weight is the number of subjects at each age.

Step 4: Estimating the usual intake distribution of a population
in the original scale of the nutrient: Simple ¢! (g(;;;;)) in the
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nutrient’s original scale is biased by within-subject variance. Using
the Delta-method [20-23], the estimated usual intake right-skewed
distribution in the nutrient’s original scale is

- — 1 v, o A
& (@0age ) + 58 (8(0age)) - O (10), where
g - () is the second order differential of g - (),and

63‘, 4ge 15 the estimated within-subject variance at each age in the
ransformed scale. The estimated usual intake distribution of any group
in the nutrient’s original scale is obtained by summing Equation 10.

Simulation study

To compare the performance of the ISU method, AGE MODE and
our proposed AGEVAR MODE, we conducted simulation studies on
4 scenarios mimicking actual data for sodium intake in women. In
nutritional surveys, within-subject variance is generally larger than
between-subject variance. Between-subject variance increases with age,
while within-subject variance decreases with age [12]. This is especially
true for sodium intake; elderly Japanese people generally consume
traditional Japanese salty food.

In our actual intake survey data, the optimal A of Box-Cox
transformation was estimated as -0.05 for sodium intake in women. The
female DG for usual intake of salt is less than 7.5 g {24]. This amount

Between-subject

of salt (7.5 g) corresponds to 2949 mg sodium in the original scale of
sodium, and 6.59 in the Box-Cox transformed scale, after Box-Cox
transformation with A=-0.05. Hereafter, we refer to the salt DRI for
women as 2949 mg sodium.

The simulations were based on the 4 scenarios below. The total
number of female subjects in the scenarios for one data set was set at
1500, a number similar to the sample size of a dietary survey conducted
by a local government in Japan {13-15,25,26]. The number at each age
was proportional to that of the Japanese population in 2010, based
on national census data [27]. The settings for the 4 simulation study
scenarios in the transformed scale are presented in table 1, and graphs
of the 4 simulation scenarios in the original scale of the nutrient
(sodium) are depicted in figure 1. The data for scenario (4) were
intended to be similar to our actual data. In the other scenarios, either
the mean and variance, or both in scenario (4) were set as constants.
For each scenario, we generated 3 days of sodium intake data for 1500
subjects, and analyzed the data set derived from the ISU method,
AGEMODE, and AGEVAR MODE. We repeated this procedure 10,000
times separately. The settings for all 4 scenarios described below are in
the transformed scale.

The performance of each of the 3 methods was evaluated with 3
statistical indexes: bias, standard error, and root mean square error

Within-subject

Mean .
variance - variance
Scenario (1) Constant Constant Constant
(6.8) (0.03) (0.06)
. Increases linearly according to age Decreases linearly according to age
Scenario (2) éog)stant (0.04-0.08 (0.07-0.05

Increases linearly according to age
(6.6-7.0 as age increases from 18 to 79
years)

Increases linearly according to age
(6.6-7.0 as age increases from 18 to 79
years)

Scenario (3)
(0.03)

Scenario (4)

as age increases from 18 to 79 years)

Constant

Increases linearly according to age
(0.04-0.08
as age increases from 18 to 79 years)

as age increases from 18 to 79 years)

Constant
(0.06)

‘Decreases linearly according to age
(0.07-0.05
as age increases from 18 to 79 years)

Table 1: Settings for the 4 simulation studies. Intake amounts are set in the transformed scale.
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Figure 1: Graphs of the settings of the 4 scenarios for simulation studies in the nutrient’s original scale. Amounts of sodium and salt in the original scale: Y-axis (left),
sodium; Y-axis (right), salt. *between SD=between-subject standard deviation. TSalt dietary reference intake in women; 7.5 g salt is equivalent to 2949 mg sodium.
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(RMSE) of estimated prevalence of nutritionally high-risk people.
These indexes were calculated with 10,000 estimates of the prevalence
of nutritionally high-risk people by the 3 methods. RMSE was the
primary performance index in this study because it accounts for bias

and standard error.

Scenario (1): Constant mean and constant variance in the
transformed scale through the age range: The constant mean of usual

intake through the age range is 6.8. The constant between-subject.

variance is 0.03, i.e. the constant between-subject standard deviation
is 0.17. The constant within-subject variance is 0.06, i.e. the constant
within-subject standard deviation is 0.24.

Scenario (2): Constant mean and linear variance in the
transformed scale through the age range: The constant mean of usual
intake through the age range is 6.8. The between-subject variance

is described as follows: o7 =%

subject variance changes linearly from 0.02 to 0.04 as age increases
from 18 to 79 years, i.e. the between-subject standard deviation changes
from 0.14 to 0.2. The within-subject variance is described as follows:
2> 0.05-0.07
Y7918
linearly from 0.07 to 0.05 as age increases from 18 to 79 years, i.e. the
within-subject standard deviation changes from 0.26 to 0.22.

x(Age-18)+0.04; the between-

x(4ge—18)+0.07; the within-subject variance changes

Scenario (3): Linear mean and constant variance in the mean
and constant variance in the transformed scale through the
age range: The mean of usual intake through the age range equals
mean = 7.0-6.6 «

(79-18)
7.0, as age increases from 18 to 79 years. The constant between-subject

variance through the age range is 0.03, i.e. the constant between-subject
standard deviation is 0.17. The constant within-subject variance is 0.06,
i.e. the constant within-subject standard deviation is 0.24.

(Age—18)+6.6 The mean changes linearly from 6.6 to

Scenario (4): Linear mean and linear variance in the transformed

scale through the age range: The mean of usual intake through
7.0-606
the age range equals mean=mx(Age —18)+6.6; the mean

changes linearly from 6.6 to 7.0 as age increases from 18 to 79 years.
wx(zigeflii) +0.04
7918
; the between-subject variance changes linearly from 0.02 to 0.04, as
age increases from 18 to 79 years, i.e. the between-subject standard
deviation changes from 0.14 to 0.2. The within-subject variance equals
. 0.05-0.07
O.‘V = 79 _
linearly from 0.07 to 0.05, as age increases from 18 to 79 years, i.e. the
within-subject standard deviation changes from 0.26 to 0.22.

The between-subject variance equals o7 =

x (Age —18) +0.07 ; the within-subject variance changes

An example of applying AGEVAR MODE to estimate usual
intake distribution of sodium in women

The ISU method, AGEMODE, and AGEVAR MODE were applied
to the sodium data of Japanese women from a 12-day survey, and the
prevalence of nutritionally high-risk people was estimated for each age
group and for the overall group.

In these data, the subjects were volunteers who participated in a
dietary survey conducted in 2004 and 2005, and who lived in Aomori,
Akita, Iwate, Yamagata, Nagano, Gunma, Chiba, Okayama, Tokushima,
Kochi, Fukuoka, or Miyazaki Prefecture in Japan. The subjects were
aged 18-79 years; there were 208 men and 257 women. The survey
was carried out through 4 seasons: in May and June (spring), August
and September (summer), November and December (autumn), and
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February and March (winter). During each season, the survey was
conducted on 3 non-consecutive days; 2 of which were weekdays and
one of which was a weekend day. The interval between the first and
the third day was less than 2 weeks during each season [28]. The ethics
committee of the National Institute of Health and Nutrition in Japan
approved this survey. All participants provided written consent for
collaboration. Nutrient daily intakes were measured as they were for the
Japan National Health and Nutrition Survey, where by each household
kept a 1-day diet record of the intake of each person. Dietitians queried
the families, when collecting the surveys to confirm the accuracy of
the information provided. Nutritional intakes were calculated using the
Fifth Revision of the Standard Food Composition Table [29].

All analyses and simulation studies were performed using SAS v9.3
(Cary, NC, USA). The ISU estimating method was carried out using
Side Program written in SAS [11].

Results

The simulation study results for the 4 scenarios are presented in

. table 2.

Scenario (1): The 3 methods resulted in almost null biases. Standard
errors and RMSEs were smaller with AGE MODE and AGEVAR
MODE, than with the ISU method.

Scenario (2): Of the 3 methods compared, the biases were smallest
with the ISU method. Biases changed in a single direction with age with
AGE MODE and AGEVAR MODE. The biases with the ISU method and
AGEVAR MODE were acceptable, while these with AGE MODE were
unacceptably high. Standard errors with AGE MODE and AGEVAR
MODE were smaller than those with the ISU method were. Thus, the
RMSE with AGEVAR MODE was the smallest for each age group.

Scenario (3): AGE MODE and AGEVAR MODE resulted in
almost null biases, while the ISU method led to single-direction bias
with age. The standard error in each age group was smaller with AGE
MODE and AGEVAR MODE, than with the ISU method. This led to a
superior RMSE performance with AGE MODE and AGEVAR MODE,
in comparison with the ISU method.

Scenario (4): Although biases were smallest with the ISU method,
higher with AGEVAR MODE, and higher still with AGE MODE,
overall the ISU method yielded an exceptionally high standard error
in each age group, compared with the other methods. Consequently,
AGEVAR MODE was considered superior to the other methods for
RMSE in each age group.

Example: The prevalence of nutritionally high-risk people varied
when estimated by the 3 different methods (Table 3). The prevalence
of nutritionally high-risk people across the overall group was 94.6%,
92.0%, and 93.5% with the ISU method, AGE MODE, and AGEVAR
MODE, respectively. The true prevalence of nutritionally high-risk
people was unknown, because we used actual data. With AGE MODE
and AGEVAR MODE, the estimated prevalence increased with age.
With the ISU method, the prevalence did not always increase with age.

Discussion

We built a mixed-effect model with changing variance, called
AGEVAR MODE. As expected, AGEVAR MODE performed well in a
realistic scenario (4) involving small sample subgroups. AGE MODE
performed best in scenarios (1) and (3), where the mean structure of the
usual intake distribution changed linearly and had the smallest standard
errors, as expected, though AGEVAR MODE also had relatively small
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standard errors. Overall, the ISU method had the smallest biases in all
scenarios, indicating that ISU method might be the best available for
larger sample sizes. In scenario (2), where only variance changed with
age, standard errors were slightly larger with AGEVAR MODE, than
with AGE MODE. However, AGEVAR MODE had smaller biases in
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Figure 2: The result of AGEVAR MODE analysis for actual data of salt intake in
women. Amounts of sodium and salt in the original scale: Y-axis (left), sodium;
Y-axis (right), salt. *between SD=between-subject standard deviation. 1Salt
dietary reference intake in women; 7.5 g salt is equivalent to 2949 mg sodium.

Age, years True
(No. of prevalence Bias (%)
subjects) (%) 1sU AGE AGEVAR
18-29(239) 920 04 0.0 0.0
30-49 (520)  92.0 0.0 +0.0 +0.1
Scenario1  50-69 (527)  92.0 0.0 +0.0 +0.0
70-79 (214) 920 0.1 0.0 0.0
Total (1500) 920 00 °  +0.0 +0.0
18-29 (239)  88.9 +0.2 27 +0.1
] 30-49 (520)  87.2 403 1.0 +0.6
Scenario 2. 54 9597y 85.1 +0.2 +11 +1.
7079 (214) 837 +03 25 +1.3
Total (1500)  86.2 +02 = 00 +0.8
18-29 (239).  68.0 +04  +00 +01
30-49 (520)  85.0 402 00 0.0
Scenario3  50-69 (527)  96.4 +0.0 +0.1 +0.1
70-79 (214)  99.2 0.1 0.0 0.1
Total (1500) 8.3 +0.3 +0.0 +0.0
18-29(239)  66.4 +0.8 2.2 +0.3
_ 30-49 (520)  80.1 +0.5 .1 +0.7
Scenario 4
50-69 (527)  91.1 +0.2 +0.9 +0.8
70-79(214) 955 =00  +1.3 +0.9
Total (1500)  84.0 02 02 +06

ajowa State University; "Dietary reference intake; “Root mean square error.
+Nutritionally high-risk=Usual intakeof sodium = 2949 mg.

estimation of the prevalence of nutritionally high-risk people than AGE
MODE.

Figure 2 shows that the results of analysis with AGEVAR MODE
for the actual data were similar to the settings of scenario (4). Taking
into account the results of scenario (4) in the simulation study (Table 2),
the estimates of the prevalence of nutritionally high-risk people (Table
3) might be positively biased to some extent with the ISU method and
AGEVAR MODE; the range of true prevalence of nutritionally high-
risk people may not be as wide as the prevalence estimated by the 3
methods in table 3.

There is a great need for accurate estimation of the usual intake
distributions of nutrients and the prevalence of nutritionally high-risk
people in a given population, especially based on small sample surveys.
For example, a dietary survey is conducted in each prefecture in Japan
every 3-5years, to assess the progress of the local health promotion
plan called Health Japan 21 [30]. Recently, small 2-day dietary surveys
were conducted: the Saitama Prefectural Health and Nutrition Survey
(n=1351), the Nagano Prefectural Health and Nutrition Survey
(n=1244), and the Kumamoto Prefectural Health and Nutrition Survey
(n=1195). From these surveys, the distributions of usual intake and the

Performance in estimating the prevalence of nutritionally high-risk peoplet

Table 2: Performance of the ISU? method, AGE MODE, and AGEVAR MODE in the 4 simulation studies.Female DRI® for sodium<2949mgt.

Age, years
{No. of subjects)

18-29 (42)
30-49 (56)
50-69 (136)
70-79 (23)

 Total (257)

Analysis of actual 12-day
survey data

2jowa State University.
TNutritionally high-risk=Usual intakeof sodium 2 2949 mg.

Standard error (%) RMSE*(%)

1SU AGE AGEVAR Isu AGE  AGEVAR
26 1.4 1.7 26 14 1.7
17 1.0 117 1.0 1.1
16 10 10 16 10 1.0
25 14 A7 26 14 17
1.0 0.9 0.9 10 09 09
28 17 1.9 29 32 1.9
18 1.1 1.2 18 15 13
18 14 1.2 18 16 16
2.8 1.8 20 29 34 24
1.1 1.0 1.0 1.1 1.0 13
47 30 34 C 47 30 34
22 13 14 22 13 . 14
1.0 0.6 0.6 10 06 06
0.6 03 04 0.6 0.3 0.4
1.0 09 10 R 09 10
44 27 30 44 35 30
22 14 14 22 17 16
14 0.8 0.9 14 1.2 1.2
1.4 06 09 14 14 10
11 08 10 11 10 12
Estimation for prevalehce of nutritionally high-risk peoplé'['

] AGE ' AGEVAR

85.2 79.8 844

94.5 91.9 92,9

970 97.0 967

96.8 98.4 96.9

94.6 92.7 93.5

Table 3: An example of the estimated prevalence of nutritionally high-risk peoplet by the ISU* method, AGE MODE, and AGEVAR MODE.
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